High-power electron beam cumulation in a relativistic vacuum diode with a ring-type cathode is considered. The term "electron beam cumulation" here means electron beam self-focusing accompanied with multifold beam current density increase on the beam axis compared to the average current density in the cathode-anode gap. Space-charge repulsion of electrons emitted by the explosive-emission plasma on the inner edge of the cathode is shown to be the origin of this cumulation mechanism. Current density in the vicinity of beam axis is evaluated for different cathode inner diameter values both numerically and experimentally. Cathode with eccentric apertures of different diameters is studied experimentally.
I. INTRODUCTION
H IGH-CURRENT electron beams are used for research in radiation physics [1] , generation of high-power microwaves [2] , [3] , collective acceleration of ions [4] , [5] , and pumping gas lasers [6] . Nonlinear phenomena originating from the high-current-beam interaction with self-and external electromagnetic fields figure prominently in all these processes. Self-focusing of high-current electron beams by their own magnetic fields [7] , [8] provide the charged-particle beam of high intensities, thus finding applications in many fields of physics [9] - [11] .
In the experiments [12] with ring-type cathodes (see Fig. 1 ), some peculiarities of the electron beam current density distribution were observed. Simulation of electron beam dynamics in a planar vacuum diode [13] - [15] , enabled comprehension of the electron beam cumulation effect. The cumulation mechanism could be described as follows: Once the voltage is applied across the cathode-anode gap, the field-emission current is emitted from the cathode surface. Explosive electron emission begins with the formation and expansion of cathode flares with the smaller time delay at higher electric field strength values. Electric field enhancement in the vicinity of the cathode edges initiates fast plasma emission from the inner edge of the cathode. Coulomb repulsion causes the charged particles to rush to the beam-free region. As a result, the accelerated motion of electrons toward the anode comes alongside the radial motion. The high-current beam density could increase multifold on the axis of the relativistic vacuum diode as compared to the average current density in the cathode-anode gap.
This paper considers high-power electron beam cumulation, which occurs in relativistic vacuum diodes with a ringtype cathode. Both simulation and experimental results are presented. The 3-D computer code described in [13] - [15] was used for numerical analysis of electron beam energy density distributions for different cathode geometries. The same were experimentally evaluated by imprints of the electron beam obtained using a radiochromic film [17] .
II. EXPERIMENTAL SETUP
The cathodes experimental investigation was carried out with pulsed electron accelerator fed from a compact highvoltage Marx generator (12 stages, capacitance 3.125 nF, max. output voltage 600 kV, pulse rise time 30-35 ns, pulsewidth 120-150 ns, and SF 6 insulation) [18] . All the experiments were performed at fixed generator charging voltage. The vacuum level of ∼5 · 10 −3 Pa was provided in the vacuum chamber. The output voltage was measured with a capacitive divider. The diode current and the total generator current were registered using self-integrating Rogowski coils built in the generator flanges. All the sensors were preliminarily calibrated and provided the measurement accuracy not worse than 5%. Graphite ring-type cathodes had outer diameter of 60 mm and thickness 10 mm. Inner diameter d 1 had values 10, 20, 23, 26, 30, 34, 38, 42, 46 , and 50 mm. The cathode-anode gap was 16 and 20 mm. Anode was made of stainless steel-woven 0093-3813 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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mesh with geometric Transparency of 77%; mesh threads were 0.224 mm in diameter. Distributions of the beam energy density were evaluated by full-sized imprints of the electron beam obtained using a radiochromic film [19] . Radiochromic film was placed 3 mm behind the anode on the cathode faced surface of beam collector (graphite disk of 8 mm thickness). The film enables detection of the total absorbed dose due to the passage of charged particles [20] . The distribution of the absorbed dose (and hence the beam energy density) over the beam cross section was derived from the scanned film images (transmission scanning using the optical filter) and the dose-response calibration curve according to the procedure described in [17] . According to [17] and [20] , the value of the absorbed dose D at a certain point is directly proportional to the energy density of the electron beam (averaged over pulse duration) in this point. In the reported experiments the voltage (current) pulses in different shots are quite identical (see Section IV) and are quite similar to those reported in [17] . Thus, the dose absorbed by the radiochromic film can be converted to the current density in each point of beam cross section by the simple expression obtained in [17] 
(1)
III. SIMULATION RESULTS
Modeling of relativistic vacuum diode operation is carried with the 3-D computer code, which is described in detail in [16] . Self-consistent simulation of particle motion in self-induced and external electric and magnetic fields is performed using the particle-in-cell method [21] , [22] in a quasi-stationary approximation [23] , [24] (the field parameters are assumed to change slowly, and the displacement currents and induction fields are neglected). A typical code cycle consists of the following operations [16] : computation of coordinates and momenta of particles, procedures of charged particle injection into and removal from the computational region, computation of the current and charge densities, and computation of the electric and magnetic fields. The vacuum diode is assumed to be axially symmetric, but the numerical simulation of particle motion is performed in 3-D to describe the nonuniformity of electron emission at the cathode surface. Explosive emission is considered to start in emission centers distributed randomly over the cathode surface (this distribution is defined at the first simulation step). The average density of emission centers depends on the applied voltage and the cathode-anode gap [26] . A cathode flare is assumed to expand spherically symmetric from each emission center. The electrons are emitted from the flare surface and are supposed to move under the action of electric field E and the azimuthal component of beam-induced magnetic field H θ (all other field components are neglected). The electric field strength E is described by the Poisson equation
where ϕ is the scalar potential and ρ is the charge density. The electric field strength, the scalar potential, and the charge 
where the current density in the diode j z (r, z, t) comprises density of current in the cathode itself [24] . Spatial dimensions of the meshes cells on both meshes (Cartesian and cylindrical) for the field calculations are set equal. The intent of simulation is to obtain the maximal-to-average current density ratios for different inner cathode diameters. The diode total current is obtained to be determined by the cathode outer diameter and the cathode-anode gap, while the inner cathode diameter assigns ratio of current in the intense axis flow to the total diode current.
The beam energy density can be experimentally evaluated by the distribution of the dose absorbed by the radiochromic film. The dose absorbed at a point with coordinates (x, y) at the anode plane is proportional to the integral of electron beam power density at the point (x, y) over time. Thus, calculated values normalized to unity are used to demonstrate absorbed dose distribution (Fig. 2 ) and the absorbed dose dependence on cathode inner diameter (Fig. 3) .
The voltage pulse with maximal amplitude 360 kV and rise time 30 ns is applied to cathode anode gap 20 mm, producing current of 6.5 kA maximal value. According to simulation results, the current density distribution at the beam periphery (outside the inner circle in Fig. 2 ) is similar to that for the solid cathode [14] . The simulated current density in the region of the central spot is as large as 1 kA/cm 2 , which exceeds the average current density value by about three times. Simulated values of absorbed dose (see Fig. 3 ) are the statistic quantities due to fluctuation of emission center positions over the cathode surface. The estimated standard deviation is 10-20%. The cathode aperture depth is important, because the effect reduces and even disappears with the depth reduction. Cathode aperture depth value 10 mm, which is used in simulation, corresponds to that in the experiment.
IV. EXPERIMENTAL RESULTS
Typical voltage and current pulses detected in the experiments with different inner cathode diameters for cathode-anode gap 16 and 20 mm are presented in Figs. 4 and 5. They slightly change with the increase in inner cathode diameter.
The average value of the dose absorbed by radiochromic film in conditions of the experiment reported in [17] measured 70-100 kGy. On the other hand, the operation range of the used film is 5-150 kGy [17] , [20] . According to simulation results the current density in the central spot is expected to be several times greater than the average current density value. Therefore, the central spot of the beam imprint could be overexposed. To evaluate current density distribution using the radiochromic film in the anticipated conditions, the central spot was attenuated by two layers of 70-μm aluminum foil placed in front of the film. Calibration gives for each foil layer the dose attenuation factor as high as 2.8 times for a 20-mm cathode-anode gap and 3.2 times for a 16-mm gap. The samples of absorbed dose distributions obtained by electron beam imprints are shown in Figs. 6-9. White circles in the figures mark cathode outer (60 mm) and inner diameters. Average current density j , evaluated by absorbed dose distribution within the area of 60-mm diameter was ∼70 and 100 A/cm 2 for 20-and 16-mm gap, respectively. The central spot on each imprint displays a higher absorbed dose value than the rest film, which means a higher current Fig. 8 .
Beam imprint for graphite ring-type cathode with outer and inner diameters 60 and 20 mm, respectively. Cathode-anode gap is 20 mm. Dark band indicates position of two layers of 70-μm aluminum foil of the same width. Maximal current density in the spot center is evaluated at about 0.61 kA/cm 2 . Fig. 9 . Beam imprint for graphite ring-type cathode with outer and inner diameters of 60 and 46 mm, respectively. Cathode-anode gap is 20 mm. Darker band indicates the position of three layers of 70-μm aluminum foil of the same width. Maximal current density in the spot center is evaluated at about 2.2 kA/cm 2 . Fig. 10 . Averaged over azimuth angle absorbed dose as a function of distance from the imprint center r for ring-type cathode with outer and inner diameters 60 and 34 mm, respectively, and cathode anode gap 16 mm. density. Following the procedure, which is briefly described in Section II herein and in [17] in more detail, all the imprints were analyzed to obtain the absorbed dose (and, hence, the current density) in the central spot for different inner cathode diameters. The central spot on the imprints had no sharp edges, therefore, averaging of calculated dose value over azimuth angle is performed (the averaged absorbed dose as a function of distance from the imprint center r and its linear fit are shown in Fig. 10 ). The maximal value of the averaged absorbed dose at r = 0 is find using this linear approximation, which perfectly fits the experimental curve at small distances from the center.
The current density value at the diode axis can be evaluated considering (1) and attenuation provided by 70-μm aluminum foil. The thus obtained values are included in the captions Fig. 11 . Absorbed dose on the system axis evaluated for different values of cathode inner diameter for cathode-anode gap 16 and 20 mm. of Figs. 5-8. The maximal current density of 2.2 kA/cm 2 , which corresponds to beam energy density 0.7 GW/cm 2 was observed for graphite ring-type cathode with outer and inner diameters of 60 and 46 mm (see imprint in Fig. 8 ). Absorbed dose on the system axis evaluated for different values of cathode inner diameter is shown in Fig. 10 for cathode-anode gap of 16 and 20 mm.
According to [16] , the cumulation mechanism does not depend on whether or not the aperture axis coincides with the cathode axis. To evaluate the effect for eccentric apertures a cathode with 7 apertures was tested (see Fig. 11 ). Centered aperture had 7-mm diameter, centers of the rest six apertures were placed equidistant at the distance 14 mm from the cathode axis and apertures had diameters 1, 3, 5, 7, 9, and 12 mm. Beam imprint (Fig. 11 ) was obtained at 20-mm cathode-anode gap. At smaller aperture diameters (1, 3, and 5 mm) the cumulation effect is scarcely apparent. For eccentric apertures 7, 9, and 12 mm the maximal current density in the spot reads approximately 0.36, 0.4, and 0.42 kA/cm 2 , respectively. For the centered aperture of 7-mm diameter the same is evaluated as 0.43 kA/cm 2 . For the eccentric apertures the position of the spot is observed to be shifted from the aperture center toward the cathode axis.
V. CONCLUSION High-power electron beam cumulation in a relativistic vacuum diode with a ring-type cathode is considered. The effect is experimentally observed. Dependence of electron beam current density on inner cathode diameter is obtained. Maximal current density in the central spot is shown exceeding the average value by about an order. Simulation and experimental results demonstrate qualitative agreement. Predicted in simulation maximal-to-average current density ratios for different inner cathode diameters were observed. The value of cathode inner diameter providing maximal current density in the central spot predicted in simulation differs from that experimentally obtained by 13%. Effect evaluation for a centered aperture in a cathode is provided along with that for eccentric apertures.
The undeniable advantage of this cumulation mechanism over a conventional one is a very low energy spread of particles in the region of the maximum current density [16] . The conventional mechanism of electron beam focusing is due to beam-induced magnetic field. In this case the magnetic field is rather high and electron beam matches a turbulent flow (flow in which the beam undergoes irregular fluctuations, or mixing) and the energy spread in the beam of the order of average beam energy [27] . The considered cumulation (self-focusing) mechanism reveals at quite low beam-induced magnetic fields, when electron motion is mostly determined by space-charge repulsion. In this case the steady-flow process occurs and the beam particle energies at the anode are determined by voltage drop between the cathode and the anode. Since the anode is equipotential, the energies of beam particles approaching the anode are equal. Thus, cumulation effect enables to produce intense monoenergetic electron beam in which particles move in smooth paths or layers (i.e., laminar flow). However, the spread over the radial and axial velocities still remains due to the difference in velocity directions for electrons emitted from the cathode.
